Nuclei were isolated from synchronized HeLa S, cells and transcribed utilizing their endogenous RNA polymerases. Our data suggest that S phase nuclei are capable of synthesizing histone mRNA sequences while nuclei from &l phase cells are not. Transcription of histone mRNA sequences by S phase nuclei can be abolished completely by low levels of a-amanitin (1.0 ug/ml, a concentration which completely inhibits RNA polymerase II). From these results it appears that transcription of the histone mRNA sequences occurs during the S phase but not during the Gi phase of the cell cycle and that RNA polymerase II is responsible for histone gene readout.
INTRODUCTION
Eukaryotes possess three classes of nuclear DNA-dependent RNA polymerase, each believed to be responsible for the synthesis of specific classes of RNA. The class I polymerase is responsible for ribosomal RNA (rRNA) synthesis. This polymerase is found in high yields in nucleoli (1), the site of rRNA synthesis (reviewed by 2). Furthermore, conditions which inhibit the class II and III enzymes but favor the activity of the class I enzyme also favor the transcription of rRNA (3).
The class III enzyme synthesizes 5S rRNA and transfer RNA (tRNA) (4,5), as well as. a small, nontranslated adenovirus RNA (6). The inhibition of synthesis of these RNAs by a-amanitin is directly proportional to the inhibition of the class III enzyme.
Polymerase II is believed to be responsible for the transcription of messenger RNA (mRNA). The class II enzyme is located in the nucleoplasm (7, 8) purported to be the site of non-rRNA synthesis. In addition, a-amanitin at a level sufficient to inhibit the class II but not the class I or III enyzmes inhibits the synthesis of heterogenous RNA (9), presumed to be the precursor of messenger RNA (reviewed by 10,11). Recently, it has been shown that RNA polymerase II is indeed responsible for the synthesis of specific In contrast to the fibroin and ovalbumin genes which are represented as unique sequences in silk moth (13, 14) and chick oviduct DNA (15,16), respectively, hi stone genes are represented as moderately reiterated sequences in the DNA of KeLa cells and other cell types (17) (18) (19) . The question then arises as to which RNA polymerase transcribes hi stone genes -polymerase I or III, the products of which have been shown to be transcribed from reiterated sequences, or polymerase II, which has only been shown to transcribe unique sequence mRNAs. Evidence is presented which suggests that in nuclei from S phase HeLa cells histone genes are transcribed by a class II RNA polymerase. Consistent with other data from our laboratory which indicate that histone mRNA sequences are transcribed from chromatin of S phase but not Gj cells, histone mRNA sequences are not transcribed in isolated nuclei from G^ HeLa cells. These results taken together support a model for regulation of histone gene expression during the cell cycle of HeLa cells in which control resides at least part at the transcriptional level. Cells HeLa S3 cells were grown at 37°C in suspension culture on Joklik-modified Eagle's minimal essential medium supplemented with 7% calf serum. Cells were synchronized as described by Stein and Borun (20) . S phase cells were harvested 2.5 hours after release from the second of two 2 mM thymidine blocks. Greater than 99% of these S phase cells are engaged in DNA synthesis as determined by ^H-thymidine labeling and autoradiography. &l phase cells were harvested 2 hours after selective detachment of mitotic cells from semiconfluent monolayers. 3H-thymidine labeling and autoradiography indicate that less than 0.1% of the Gj cells are synthesizing DNA.
MATERIALS AND METHODS

Materials
Isolation of nuclei Nuclei were isolated by a modification of the procedure of Sarma e_t jQ., (21) Nucleic acid levels RNA content was determined by the orcinol reaction as described by Schneider (26) . NaOH was used instead of KOH in the alkaline digestion. G2 polysomal RNA was used for the standard. The hydrolysate was assayed for the presence of ONA by Burton's method (27) ; no DNA was detected.
Calf thymus DNA was used as the standard.
RESULTS
Isolation and characterization of nuclei HeLa S3 nuclei were obtained by a modification of the procedure of Sarma e_t a±. (21). Routinely a 70-80% yield of nuclei was obtained. No intact cells were visible in the nuclear suspension when examined by phase contrast microscopy although 4-6% of the nuclei had small amounts of adhering cytoplasm. The inclusion of CaCl2 in the cell lysis buffer did not appreciably increase the yield of the nuclei but did decrease their capacity for transcription by 30%. In addition, the percent of nuclei with adhering cytoplasmic material increased from 4% if nuclei were isolated in the absence of CaCl2 to 20% if CaCl2 was included at a concentration of 3 mM. Polyribosomes in the cytoplasm are an excellent source of histone mRNA (24); therefore, only minimal amounts of adhering cytoplasm could be tolerated since histone mRNA sequences contributed by the cytoplasm could be signficant compared with those synthesized by the nucleus and thus make analysis exceedingly difficult.
The incorporation of (3H)-UMP into RNA by isolated nuclei is linear for 45 min and decreases rapidly thereafter (Fig. 1) The nuclei retain activity representative of all three classes of DNAdependent RNA polymerase. I f transcription is inhibited by incubating the nuclei with increasing amounts of a-amanitin as shown in Fig. 2 , a three component inhibition curve is obtained. The middle component, admittedly present in low amounts, was seen in four out of four nuclear samples which were tested for their a-amanitin response. Based on the known sensitivities of the solubilized polymerase from HeLa cells to a-amanitin (28) (29) (30) , i t appears that the nuclei possess all three classes of RNA polymerase. In the standard assay, the class I polymerase comprises 35% of the total RNA synthesizing activity, polymerase I I , 58% and polymerase I I I , 7%. The presence of RNA polymerase I I I 100 -3 -2 -1 0 1 2 LOG <x-AMANITIN(//g/ml) The polymerase responsible for the synthesis of these histone messenger RNA sequences can be determined by incubating the nuclei in the presence of varying concentrations of a-amanitin. We can infer from the complete inhibition of the synthesis of histone messenger RNA, at as little as 1 yg of o-amanitin/ml (Fig. 3) , that the class II polymerase is responsible for the transcription of histone genes. It is the only class of polymerase which is inhibited completely at this concentration, whereas the other two polymerase classes are inhibited only slightly or not at all. Since the Cr o t^ of the hybridization reaction between histone cDNA and RNA isolated from nuclei transcribed in the presence of either 1 yg or 100 gg of a-amanitin/ml is equal to 10, a value identical to that of endogenous RNA, no new histone mRNA sequences are synthesized in the presence of a-amanitin at a concentration of 1 pg/ml or more. Thus the synthesis of histone messenger RNA appears to be performed by the class II polymerase. In order to rule out the possibility that a subclass of polymerase I I I which is inhibited at 1 pg of a-amanitin/ml is responsible for transcription of histone mRNAs, we have also transcribed S phase HeLa cell nuclei in the presence of 0.01 pg of a-amanitin/ml. From Fig. 2 i t can be seen that the very a-amani tin-sensitive polymerase activity (which is putatively polymerase I I ) is inhibited 50% at 0.01 pg of a-amanitin/ml. Therefore, i f histone mRNAs are synthesized by a class II enzyme, their synthesis should also be inhibited 50% at 0.01 yg of a-amanitin/ml. Indeed, this is the case. The amount of histone mRNA sequences synthesized above endogenous levels is proportional to the fraction of active class II polymerases (Table 1 ) . Since no class III polymerase has yet been found which possesses the same a-amanitin response as a class II enzyme, we conclude that histone genes are transcribed solely by the class II polymerase.
We can calculate from the data of Fig. 3 and Table 1 Although we cannot definitively eliminate the possibility that histone mRNAs are transcribed throughout the cell cycle and rapidly degraded by a specific nuclease during Gj, G2 and M, this possibility seems unlikely. When histone mRNAs are added to Gj chromatin (which is ineffective as a template for histone gene transcription) and subjected to transcription conditions, the added mRNAs can be quantitively recovered (49).
Having identified the homologous RNA polymerase for the transcription of histone mRNA sequences, we can now assess the availability of histone genes for transcription from HeLa cell chromatin by the appropriate eukaryotic enzyme. Hopefully, use of the homologous polymerase will enhance the fidelity of the in vitro chromatin transcripts. Kostraba e_t a\_. (50) have demonstrated that a fraction of the nonhistone chromosomal proteins stimulates the transcription of homologous chromatin only when the homologous polymerase is used. The nonhistone chromosomal proteins have also been implicated in directing the correct expression of the rRNA genes by the class I eukaryotic RNA polymerase (51) and in the case of the eukaryotic 5S rRNA genes, the fidelity of in vitro transcription from chromatin requires that transcription be carried out with class III eukaryotic RNA polymerase (52).
